ABSTRACT Head lice, Pediculis capitis De Geer, populations were investigated for permethrin and malathion resistance after initial establishment of a discriminating dose of topical application bioassay with body lice, Pediculus humanus L. For both insecticides, Ϸ2 times the lethal dose (LD) 95 at 4 h was selected, 2 ng of permethrin and 100 ng of malathion per head louse, respectively. Head lice were collected from heads of infested children in Denmark at 33 primary schools, one kindergarten, and seven boarding schools. The lice were collected by combing of dry hair, with a Þne-toothed antilouse comb attached to a vacuum cleaner. A resistance survey covers head lice collected from 208 of 1,441 persons combed. The frequency of permethrin-and malathion-resistant head lice is high in Danish head lice populations. In 17 of 24 samples tested for permethrin resistance, all head lice survived the discriminating dose. Six samples had between 3 and 25% dead head lice, whereas one sample had 60% mortality. In nine of 25 samples tested for malathion resistance, all head lice survived the discriminating dose. Seven samples had Ͻ25% dead head lice, and four samples had a mortality of 50% or more at the discriminating dose. The connection between permethrin resistance and kdr-like mutations is conÞrmed by our Þndings. The frequency of the double mutation T929I-L932 F in the voltage-sensitive sodium channel gene associated with permethrin resistance was 0.95 in Danish head lice populations.
The head louse, Pediculus capitis De Geer, is a worldwide human ectoparasite frequent among children up to the age of Ϸ12 yr. In recent years, the problem seems to be increasing in many parts of the world. Widespread pediculicide resistance suggests that resistance to the insecticides used in pediculicides is increasing (Burgess 2004) .
Thorough studies of permethrin resistance in Argentina has identiÞed high levels of permethrin resistance in most of the head lice populations tested (Picollo et al. 2000 , Vassena et al. 2003 . Synergist studies and strong correlation of cytochromes P450 activity with lethal dose (LD) 50 of permethrin in Þeld populations indicate a major role for cytochrome P450 monooxygenase in permethrin resistance in head lice from Argentina (Picollo et al. 2000 , Audino et al. 2005 . In head lice from Israel, a weak monooxygenase-based permethrin metabolism resistance mechanism was the only factor identiÞed that could explain permethrin resistance in head lice, indicating a possible involvement of nerve insensitivity, i.e., alteration of sodium channel (Hemingway et al. 1999) . Three-point mutations (M815I, T929I, and L932 F) in the voltage-gated sodium channel ␣-subunit were associated with permethrin resistance in head lice from the United States and the United Kingdom as well as Japan (Lee et al. 2000 Gao et al. 2003; Tomita et al. 2003) . In all cases, the three mutations are found together and probably coexist as a haplotype. Methods to determine the frequency of resistant individuals have been established (Kim et al. 2004 , Kristensen 2005 .
Malathion resistance as well as permethrin resistance were identiÞed in head lice from the United Kingdom, and alterations of the organophosphate-targeted acetylcholinesterase are a likely mechanism involved in resistance (Downs et al. 1999 , Downs et al. 2002 .
Resistance to permethrin and malathion, the only insecticides used in pediculicides in Denmark, was suspected after almost a decade of consumer complaints and widespread anecdotal reports of treatment failures as well as a rise in sales of pediculicides. The objectives of this survey are to elucidate the status of resistance to permethrin and malathion in Danish head lice populations as well as to investigate the prevalence of the T929I-L932 F sodium channel mutations causing permethrin resistance in head lice from Denmark.
Materials and Methods
Body Lice. A breeding colony of body lice, Pediculus humanus L. never exposed to insecticides is maintained at the Department of Chemical and Biological Safety, Federal Environmental Agency (UBA), Berlin, Germany (Habedank and Schrader 2001) . Lice shipped from Berlin to the Danish Pest Infestation Laboratory (DPIL) situated in the municipal area of Copenhagen were received the next morning, and experiments were performed immediately upon arrival. The body lice were thus feed Ϸ24 h before toxicological testing.
Head Lice. Lice were collected from heads of infested children in Denmark on 33 primary schools (age 6 Ð15 yr), one kindergarten (age 3Ð 6 yr), and seven boarding schools (age 14 Ð16 yr). The sampling of head lice from school children was not random. Schools were selected on the basis of prior frequent head lice infestations. Subsequently, letters of consent were obtained from the parents. During this process, some head lice were missed due to lack of consent or head lice treatment by parents. The questioning of children indicated that this was a minor concern, and in our opinion the collection of head lice is unbiased. On its homepage (http://www.dpil.dk), DPIL announced free combing of head lice at the laboratory, and 69 persons (age 4 Ð25 yr) responded. The DPIL homepage has Þve to 600 daily hits from unique IPaddresses, and in 2004 our head lice advisory pamphlet was downloaded 14,000 times.
The lice were collected by combing of dry hair, with a Þne-toothed antilouse comb attached to a vacuum cleaner (Snatchers Company A/S, N¾stved, Denmark). A specially constructed Þne-toothed comb is Þtted into the opening of a modiÞed vacuum cleaner mouth-piece, and a Þlter cup is mounted into the connector to the vacuum cleaner tube. When the mouth-piece is in use, a section of the hair is sucked into the opening, the comb is guided to the hair root and inserted in the hair. The Þrst 5 cm of the hair is then combed systematically and carefully, followed by a few Þnal strokes to the end of the strands of hair. The combing will make the lice lose their grip and be collected in the Þlter cup. Filter cups where changed every second minute to avoid desiccation of the head lice. The toxicological bioassays were performed immediately upon collection. In the cases where this was not applicable, they were kept or transported at a maximum of 4 h at 20ЊC and 90% RH before testing.
We combed 1,441 persons in the resistance survey, and head lice were collected from 208 of them. In the context of this article, a sample was deÞned as all head lice collected at a school, or in the cases of persons visiting the laboratory, on a person or family because they are considered to be from the same population.
Toxicological Analysis. The contact poison effect of permethrin and malathion was estimated by a topical application test, where body lice were treated with 0.1 l of a range of seven insecticide concentrations in acetone. Twenty body lice, adults, or third-stage nymphs were tested with each of the seven doses of malathion or permethrin. In addition, twenty body lice were treated with acetone as controls. Lice where transferred to a small glass vial with an ecological cotton cloth and were kept at 20ЊC and 90 Ð95% RH without light after the topical application. Mortality, i.e., the number of dead or paralyzed lice (deÞned as inability to move when disturbed), was recorded after 2, 4, 6, and 24 h. DoseÐmortality responses were analyzed by probit analysis SAS version 8.1 (SAS Institute 2000), and LD values were estimated. When 2 value was small (P Ͼ 0.10), conÞdence limits were calculated by the use of t ϭ 1.96, and when 2 value was high (P Ͻ 0.10), heterogeneity was suspected, and t for calculation of conÞdence limits was chosen based on the heterogeneity factor. For comparison, bioassays are visualized in Figs. 1Ð3 by plotting of concentration of insecticide (log 10 ) versus percentage mortality (probit) at LD 5 , LD 50 , and LD 95 .
A discriminating dose bioassay was used to test for permethrin and malathion resistance in head lice. Head lice, adults or third-stage nymphs, were tested with either 2 ng of permethrin or 100 ng of malathion per head louse added as 0.1 l in acetone. Lice where transferred to a small glass vial with an ecological cotton cloth and were kept at 20ЊC and 90 Ð95% RH without light after the topical application. Mortality, i.e., the number of dead or paralyzed lice (deÞned as inability to move when disturbed), was recorded after 4 h. A minimum of 10 head lice was used as control in each experiment, and the remaining head lice were equally divided and tested with malathion and permethrin, respectively. If Ͻ20 head lice were available, only one of the insecticides was tested.
Permethrin was 97% (25% cis and 75% trans) technical grade obtained from Roussel Uclaf (Nanterre, France). Malathion was 96% technical grade obtained from Cheminova (Lemvig, Denmark).
Genotyping of T929I-L932 F kdr-Like Mutations. Genomic DNA was extracted from individual adult or nymphal head lice by DNAzol (Invitrogen, Carlsbad, CA) according to Kristensen (2005) . To genotype each head louse for the presence of the T929I and L932 F, replacements in the sodium channel a polymerase chain reaction (PCR)-restriction endonuclease method was used (Kristensen 2005) .
Results

Establishment of Discriminating Dose Bioassay.
Standard topical application bioassay is routinely performed at DPIL with house ßies and cockroaches (Kristensen et al. 2004 and was adapted for head lice according to Vassena et al. (2003) . Baseline susceptibilities for permethrin and malathion were established with body lice at 2, 4, 6, and 24 h after application of insecticide. More than 1,000 body lice were tested with permethrin and malathion, respectively (Table 1) , in seven to nine independent bioassays with both insecticides (Figs. 1 and 2 ). In the bioassay with body lice, control mortalities were negligible (Table 1 ).
In the process of adapting the method for a head lice discriminating dose bioassay, we had an occasional high control mortality after 24 h (data not shown) and thus chose to use 4 h in the Þnal experimental setting. The variability of the 4-h topical application bioassay of both permethrin and malathion was limited. Permethrin LD 50 at 4 h varied between 0.06 and 0.30 ng of permethrin per body louse, whereas LD 95 at 4 h varied between 0.20 and 1.46 ng of permethrin per body louse (Fig. 1) . The average 4-h LD 50 and LD 95 for permethrin was 0.15 Ϯ 0.08 and 0.54 Ϯ 0.40 ng of permethrin per body louse, respectively (Table 1) . Malathion LD 50 at 4 h varied between 5.0 and 17 ng of malathion per body louse, whereas LD 95 at 4 h varied between 8.9 and 98 ng of malathion per body louse (Fig. 2) . The average 4-h LD 50 and LD 95 values for malathion were 11 Ϯ 4.0 and 45 Ϯ 29 ng per body louse, respectively (Table 1) .
Our approach for the discriminating dose bioassay was to chose a dose to detect a low level of resistance McKenzie 1987, ffrench-Constant and Roush 1990) . In this context, the best choice is LD 99 , but it was not chosen as our bioassays were performed to be precise in the LD 5 ÐLD 95 area. Diagnostic doses, 2 ng of permethrin and 100 ng of malathion per head louse, were chosen, which were in both cases Ϸ2 times (LD 95 ϩ SD) (Figs. 1 and 2 ). This was relatively close to the full mortality level of susceptible lice, detecting low levels of resistance and avoiding the diagnostic dose, which killed a large fraction of resistant populations.
Survey of Permethrin Resistance in Denmark.
In 17 of 24 samples tested for permethrin resistance, all head lice survived the discriminating dose (Table 2) . Six samples had between 3 and 25% dead head lice, whereas sample 22 had 60% mortality (Table 2) .
In two cases, a large sample size made it possible to perform doseÐmortality response. Head lice from sample 18 and 22 were tested by topical application of 0, 2, 8, 32, 128, and 512 ng of permethrin (20 head lice per dose). After 4 h, two of 120 head lice were dead independently of the permethrin concentration in sample 18. There was no mortality at the highest dose, 512 ng. Compared with the susceptible LD 95 of 0.54 Ϯ 0.40 ng of permethrin per louse (Table 1) , the resistance ratio (LD of resistant strain divided by LD of susceptible strain) at LD 95 is Ͼ950-fold. LD 50 at 24 h was 23 ng of permethrin per head louse ( 2 ϭ 6.7, df ϭ 3, P ϭ 0.08; control mortality ϭ 0.2), resulting in a resistance ratio of 61 (Fig. 3) . A dose-mortality response was not observed in sample 22 after 4 or 24 h; between 50 and 90% of head lice treated with permethrin died independently of dose, whereas control mortality was 10 and 60%, respectively. The discrim- inating dose survey showed that the frequency of permethrin-resistant head lice is high in Danish head lice populations.
Survey of Malathion Resistance in Denmark.
In nine of 25 samples tested for malathion resistance, all head lice survived the discriminating dose (Table 3) . Seven samples had Ͻ25% dead head lice, and four samples had a mortality of 50% or more at the discriminating dose (Table 3 ). The maximum number of dead head lice, 80%, was observed in sample 19.
Head lice from sample 18 and 22 where tested by topical application of 0, 6, 25, and 100 ng as well as 1 and 2 g of malathion (20 head lice per dose). In sample 18, four of 120 head lice where dead independently of malathion dose after 4 h. There was no mortality at 2 g, which is equivalent to Ͼ44-fold resistance ratio at LD 95 . A doseÐmortality response was observed in sample 22 after 4 h, LD 50 ϭ 650 ng of malathion per head louse ( 2 ϭ 3.7, df ϭ 4, P ϭ 0.45; control mortality ϭ 0.1), equivalent to a resistance ratio of 59 (Fig. 2) . The discriminating dose survey showed that the frequency of malathion-resistant head lice is high in Danish head lice populations.
Frequency of the kdr-Like Double Mutation in Danish Head Lice. DNA was prepared from 507 individual head lice from 32 samples, and the sodium channel genotype was determined successfully in 449 cases. Fifty-eight samples did not produce any PCR products, in most cases probably because of lack of genomic DNA, which was not checked. Alternatively, they have sodium channel genes not matching the primers used for ampliÞcation.
Head lice with the susceptible genotype of the sodium channel gene T929-L932 are rare in Denmark. They make up 2.7% of Danish head lice. The frequency of the kdr-like double mutation T929I-L932 F was 0.95, and 411 of 449 individuals were homozygote-resistant (Table 4) . Three individuals had a different genotype. DNA from two head lice in sample 43 were not cut by the restriction enzyme used to identify the genotype, and one head louse from sample 38 had a G943T mutation (Kristensen 2005) .
Discussion
The presence of permethrin and malathion resistance was displayed in Danish head lice populations. Generally, the level of resistance is considered to be of a magnitude where control failures are anticipated, which for several years has been indicated by consumer complaints, including anecdotal reports on resistance in head lice. Clinical trials have not been performed in Denmark to prove the detrimental effect of the aforementioned resistance on pediculicide efÞcacy, but a recent study in the United Kingdom showed cure rates for malathion (n ϭ 30) and permethrin (n ϭ 40) of negligible 17 and 10%, respectively (Hill et al. 2005) . The poor effectiveness of permethrin-based pediculicides was likely due to widespread kdr-like resistance, because all but one of the lice from treatment failures in the study by Hill et al. (2005) were found to have the kdr-like double mutation T929I-L932 F.
Resistance to permethrin was recorded only a few years after introduction of permethrin-containing shampoos in Israel and the United Kingdom, which might be a result of persistent DDT resistance selected earlier or of head lice surviving contact with sublethal concentrations of insecticide, either because of residues left in treated hair or dilution of shampoo during treatment (Burgess 1995) . Three-point mutations (M815I, T929I, and L932 F) in the voltage-gated sodium channel ␣-subunit were associated with permethrin resistance in head lice from United States and the United Kingdom as well as Japan (Lee et al. 2000 Gao et al. 2003; Tomita et al. 2003) , and the presence and frequency of the kdr-like mutation have been linked to toxicological data in head lice from Texas, Florida, and California , Yoon et al. 2004 . The connection between resistance and kdrlike mutations is further conÞrmed by our Þndings; 0.95 frequency of T929I-L932 F in highly permethrinresistant Danish head lice. From 13 samples, we have both toxicological data and T929I-L932 F frequency data. The frequency of T929I-L932 F is 1.0 in all samples except one, and mortality ranges from 0 to 20% in the discriminating dose bioassay. The exceptional sample 22 combines a frequency of T929I-L932 F at 0.8 with 60% mortality (Table 3 ). The correlation between T929I-L932 F and permethrin mortality was signiÞcant as indicated by Spearman rank correlation, r s ϭ 0.93 (df ϭ 12).
Malathion resistance has achieved less attention, but it has been reported from the United Kingdom, France, and Australia (Burgess 1995 , Izra and Briè re 1995 , Hunter and Barker 2003 . Malathion-resistant cases from the United Kingdom were proposed linked to modiÞed acetylcholinesterase (Burgess 1995; Burgess and Brown 1999; Downs et al. 1999 Downs et al. , 2002 , whereas synergist studies linked malathion-resistant head lice from the United States to multiple-resistance mechanisms (Yoon et al. 2004) . The frequency of malathion-resistant head lice is high in the current study and elucidation of resistance mechanisms in Danish head lice populations would be valuable. b Please note that sample 37, 38, and 39 is school A, B and C, respectively from Kristensen (2005) .
